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Abstract: Drilling is one of the most popular machining operations for industry. It is employed for manufacturing a large number of materials (e.g., steel, aluminium and composite) and sectors (e.g., aeronautic, automotive and medical). Nowadays, increasing productivity and reducing costs, without compromising of the quality of the products, are two of the main objectives for most manufacturing companies. In machining, the increase of the feed rate can cause the reduction of the cutting time and, thus, increase productivity. Based on that, the present work analyses the use of high feed rates in the drilling of Al 2011 aluminium alloy. For that purpose, the diameter and surface roughness obtained with the tool feed rate recommended by the manufacturer (conventional feed) and high feed, in both dry and wet conditions, were compared. In general, the use of high feed improves surface roughness, mainly in wet condition. When comparing the optimal condition for both conventional and high feed processes, the diameter of the hole did not present significant variation. However, the surface roughness was lower with high feed, between 26.7% and 81.6%, diminishing cutting time by 84.3%.
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Nomenclature
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f 	feed rate (m/min)
Ra	Arithmetic average roughness (μm)
Rt	Maximum roughness height (μm)
Rz	Mean roughness depth (μm)
S/N	Signal to noise ratio
vc	Cutting speed (m/min)



1. Introduction
[bookmark: __Fieldmark__321_2768839]Making holes is of great importance in manufacturing engineering because holes facilitate the assembly/disassembly, weight relief, and other. Drilling can be the ultimate stage in a manufacturing process or can be used to assist other operations such as tapping and broaching. Although drilling could be identified as a simple operation, the operation is complex and operational parameters such as feed rate, cutting speed and the geometry of the drill can play an important role on the results of the process. The importance of drilling can be identified by considering the number of holes needed in the assembly of aircrafts (e.g., around 1 million holes for an Airbus A300, and 3 million for a Boeing B747) [1]. Several alternatives are open for creating holes, being helical drilling one of the most popular operations.
[bookmark: __Fieldmark__333_2768839][bookmark: __Fieldmark__339_2768839]Light alloys are of special interest for sectors such as transportation because of the advantages that they provide in terms of weight reduction and, thus, energy consumption and emissions to the atmosphere [2]. Some applications include the fabrication of car wheels, panels, and structures, pistons, brake discs, brake drums, and piston sleeves [3]
[bookmark: __Fieldmark__358_2768839][bookmark: __Fieldmark__401_2768839]In the literature, they can be found different studies for the drilling of several materials ranging from conventional alloys to hybrid materials. For instance, Rubio et al. [4] studied the drilling of a sandwich material, emphasizing the importance of the optimization of the operation to avoid or at least reduce the appearance of burrs, because the burr height influences the cost in the assembly due to the deburring. Zhu et al. [5] analysed the influence of different point geometries (multipoint drill, step drill, and double cone) in the drilling of aluminium/titanium hybrid composites. The authors highlighted that still more studies need to be developed for novel point geometries, mainly for drilling laminates materials. 
[bookmark: __Fieldmark__439_2768839]Costa et al. [6] analysed the height and shape of the burr in the drilling of micro-alloyed steel DIN 38MnS6 at different stages of tool wear with cutting speed of 45 and 60 m/min. The authors observed that the burr height increased as the wear increased, which were practically exponential after 64% (45 m/min) and 82% (60 m/min) of the tool life.
[bookmark: __Fieldmark__456_2768839][bookmark: __Fieldmark__468_2768839][bookmark: __Fieldmark__481_2768839]According to Brandão et al. [7], to qualify the hole, the most important variable is the diameter variation, which was evaluated in the drilling of AISI H13 employing the flooded systems and high cutting speeds. De Sousa et al. [8] used the Finite Elements Method to develop a heat transfer study for drilling with small deviation compared to validation tests. Le Coz et al. [9] studied the dry drilling in aluminium and titanium aeronautical alloys. They observed that the temperature distributions along the cutting edge are due to the thermo-mechanical properties of the workpiece and the thermal sensitivity to cutting speed and rake angle.
[bookmark: __Fieldmark__508_2768839][bookmark: __Fieldmark__536_2768839]To improve the understanding of the drilling process, Caggiano et al. [10] developed a processing signal method to observe the influence of the tool wear. According these authors, the increase of the spindle speed makes more complicated the drilling of carbon fibre reinforced polymer/aluminium alloy stacks, recommending spindle speeds and feed rate in the range 3,000 to 4,500 rpm, 0.10 to 0.15 mm/rev, respectively. In similar process, Angelone et al. [11] employed a thermographic camera to analyse the temperature, which is related to the quality of holes. The authors observed that low feed values were less effective for the quality of hole and temperature profiles.
[bookmark: __Fieldmark__567_2768839][bookmark: __Fieldmark__586_2768839][bookmark: __Fieldmark__596_2768839][bookmark: __Fieldmark__601_2768839][bookmark: __Fieldmark__608_2768839][bookmark: __Fieldmark__615_2768839][bookmark: __Fieldmark__623_2768839]Among the main materials used in the drilling studies, aluminium alloys and composites are of great interest because the weight/strength ratio that is beneficial in applications such as aeronautics. According to Antunes et al. [12], a great number of applications of aluminium alloys can be found in the aeronautic industry such as fuselage, wing or internal structure. In general, aluminium can be considered an easy to machine material, even at high speed [13]. In the literature is possible to find several works that used the Al 2011 aluminium alloy, as the ones presented by Montross et al. [14], Jeelani and Reddy [15], Jímenez and Bermúdez [16], Bononi and Giovanardi [17] and others. Cardoso and Davim [18] used the Al 2011 alloy in micro-milling due to its good machinability and mechanical properties.
[bookmark: __Fieldmark__659_2768839][bookmark: __Fieldmark__667_2768839][bookmark: __Fieldmark__675_2768839]Although a big number of studies on aluminium machining are already available, there are still a limited number of studies on important topics such as the use of high feed rates in drilling of aluminium alloys. Some studies for improving productivity in the case of other machining processes were carried out by several researchers. For instance, Coelho et al. [19] and Hense et al. [20] studied the use of high feed rate in milling. Biermann and Iovkov [21] employed the high feed, feed rate between 1 and 4 mm, in the deep drilling of EN AC-46000 aluminium alloy. The authors observed that the heat flux was reduced when employing high feed, which improves the heat dispersion by the chips.
The present study analyses the influence of the feed rate on the diameter and surface roughness obtained in the drilling of Al 2011 aluminium alloy, employing the feed rate suggested by the tool’s manufacturer, conventional feed, and a higher feed. Drilling was carried out in both dry and wet conditions using solid carbide drill with TiAlN coating. The objective of this work is to understand the problems associated to the use of high feed in a production process, particularly to evaluate the quality of the drilled workpieces.


2. Materials and methods
To perform the experiment, a Mikron VCE 500TM CNC vertical machining centre, with 11 kW of power and maximum spindle speed of 7,500 rpm was used. The solid carbide and coating of TiAlN helicoidal drill from Sandvik was chosen, R846-0500-30-A1A 1220 CoroDrillTM Delta-C. The tool diameter was of 5 mm and the chip flute length of 28 mm.
[bookmark: _Hlk496548464]For the conventional feed, the selection of the cutting parameters, cutting speed (vc) and feed rate (f), was based on the manufacturer’s catalogue. For the high feed, the cutting speed was fixed based on the manufacturer’s catalogue and the feed rate was increased about 8 times. However, the cutting parameters should be adjusted because of the limits of the machine tool. The experimental design was disbalanced with four corner points and one centre point. The tests were carried out randomly and all tests were replicated twice. The cooling condition was another input in this study, dry or wet (external flow) condition. Table 1 shows the design of experiments used in the drilling of the Al 2011 aluminium alloy.
Table 1 – Design of experiments used in the drilling of aluminium alloy
	Factor
	Conventional feed
	High feed

	
	Level 1
	Level 2
	Level 3
	Level 1
	Level 2
	Level 3

	vc (m/min)
	30
	70
	110
	30
	50
	70

	f (mm/rev)
	0.15
	0.20
	0.25
	1.00
	1.50
	2.50

	Cooling
	
	Dry
	Wet
	
	Dry
	Wet



[bookmark: __Fieldmark__1244_2768839]The workpieces with a diameter of 25 mm and height of 10 mm were made in the Al 2011 aluminium alloy, which is an Al-Cu-Bi-Pb age-hardened alloy [18]. They were fixed using a chuck with a foam protector that was placed between the workpiece and the chuck for safe exit burr, Figure 1. In each workpiece, three holes were drilled.
[image: Uma imagem contendo interior
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[bookmark: _Ref496553458]Figure 1 – Clamping of the workpiece
Surface roughness was measured using a Hommel TesterTM T1000 profilometer. For each repetition, the Ra, Rt, and Rz (DIN) profiles were measured at angles of 120º. The quality of the hole (diameter and the exit burr) was analysed with a MitutoyoTM microscope model TM-510 equipped with a Moticam 2.0 CMOS cam (MoticTM), MoticTM MLC-150 fibre optic illuminator, and MoticTM Images Plus 2.0 software. The diameter of the hole was calculated by the average of the parts measured, Figure 2.
[image: ]
[bookmark: _Ref509416628]Figure 2 – Example of the measurement of the hole
The optimum conditions, for each output, were defined using the mean signal-to-noise (S/N) ratio (smaller is better). To determine the values of the outputs in the combination not performed, models were developed using multiple regression to obtain these values, Eq. 1 to Eq. 8. 

 (Eq. 1)
 (Eq. 2)
 (Eq. 3)
 (Eq. 4)

where, vc is the cutting speed (between 30 and 110 m/min); f is the feed rate (between 0.15 and 0.25 mm/rev); and cooling is the use of cutting fluid, 0 (dry) or 1 (wet).
 (Eq. 5)
 (Eq. 6)
 (Eq. 7)
 (Eq. 8)

where, vc is the cutting speed (between 30 and 70 m/min); f is the feed rate (between 1.00 and 2.50 mm/rev); and cooling is the use of cutting fluid, 0 (dry) or 1 (wet).

3. Analysis of results and discussion
In the Figure 3, they are shown the values of the measured diameters for the conventional and high feed in the drilling of Al 2011 aluminium alloy. The increase of the cutting speed varied the diameter between -4.1% and 5.5% for conventional feed and -9.1% and 2.1% for high feed. When comparing the cooling conditions, under wet conditions, the values of the diameter increased on average by 1% for the conventional feed and by 1.4% for the high feed. The increase of feed rate increased the diameters, on average, by 0.9% in conventional feed and decreased by 1.6% in high feed.
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	a) Conventional feed
	b) High feed


[bookmark: _Ref510041688]Figure 3 – Values of diameter for conventional and high feed
[bookmark: __Fieldmark__2134_2768839][bookmark: __Fieldmark__2163_2768839]The high deviation in the dimension of the diameter can be related to the geometry deviation, the circularity. To analyse the diameter, the holes were divided into several parts and the measurement was developed by picking 3 points, which were chosen in the region more furthest from hole centre, i.e., the circular runout influenced the diameter dimension. The circular runout is influenced by circularity and concentricity imperfections [22]. In the drilling, the circularity is directly proportional to the vibration [23].
[bookmark: _Hlk520109390]The S/N ratios for the diameters for both feed rate classes are shown in Table 2. When comparing the conventional and high feed, the cooling and cutting speed were the parameters with the biggest and smallest influence in the diameter, respectively, in the conventional feed. The opposite was observed for the high feed.
[bookmark: _Ref510049637][bookmark: _Ref510049641]Table 2 – The S/N ratios for diameters in the conventional and high feed (Smaller is better).
	Level
	Conventional feed
	
	High feed

	
	vc
	f
	Cooling
	
	vc
	f
	Cooling

	1
	-14.80
	-14.76
	-14.74
	
	-15.05
	-14.99
	-14.94

	2
	-14.76
	-14.76
	-14.83
	
	-14.91
	-15.01
	-15.05

	3
	-14.79
	-14.83
	
	
	-14.94
	-15.01
	

	Delta
	0.03
	0.07
	0.09
	
	0.36
	0.17
	0.12

	Rank
	3
	2
	1
	
	1
	2
	3



The values of the Ra profiles are exhibited in Figure 4 for both feed rate classes. For the conventional feed, the increase of the cutting speed reduced the values of Ra between 12.5% and 50.5%; while, for the high feed, the reduction was between 18.5% and 50.8%. The increase of feed rate, for the conventional feed, increased the values of Ra for all conditions, on average, 74.5% (30 m/min) and 16.4% (110 m/min). For the high feed, the increase of the feed rate varied the values of Ra, -30,5% (1 to 1.5 mm/rev) and 35.6% (1.5 to 2.5 mm/rev), on average.
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	a) Conventional feed
	b) High feed


[bookmark: _Ref496732935]Figure 4 – Values of Ra for conventional and high feed
The values of the Rt surface roughness, for the two feed classes, are presented in Figure 5. The increase of the cutting speed decreased the values of Rt for all conditions of conventional (on average, 30.5%) and high (on average, 24.2%) feed, practically. The increase of feed rate increased the values of Rt for all conditions of conventional (on average, 41.8%). For the high feed, the increase of the feed rate presented different behaviour for dry (on average, 18.3%) and wet (on average, -12.8%) conditions.
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	a) Conventional feed
	b) High feed


[bookmark: _Ref496901464]Figure 5 – Values of Rt for conventional and high feed
The values of the Rz surface roughness are shown in Figure 6 for conventional and high feed. The increase of the cutting speed decreased the values of Rz for conventional feed, 29.9% on average but, for the high feed, the increase of the cutting speed varied the values of Rz between -43.7% and 38.9%. The increase of the feed rate increased the values of Rz for conventional feed, 39.3%, on average. For the high feed, the increase of the feed rate increased the values of Rz.
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	a) Conventional feed
	b) High feed


[bookmark: _Ref496903354]Figure 6 – Values of Rz for conventional and high feed
[bookmark: __Fieldmark__3108_2768839][bookmark: __Fieldmark__3169_2768839][bookmark: __Fieldmark__3247_2768839]In general, the use of cutting fluid increased the values of surface roughness profiles when compared to the dry condition in the conventional feed, 34.9% (Ra), 7.9% (Rt), and 19.3% (Rz), on average. For the high feed, the use of cutting fluid decreased the Ra (46.4%), Rt (34.2%), and Rz (30.2%), on average. Studying the cooling during the turning, Bruni et al. [24] observed that the use of cutting fluid did not have relevance on the tool wear. Besides, this use provided worst results of surface roughness. Simunovic et al. [25] analysed the surface roughness in milling. The authors used workpieces with small dimensions that did not cause high tool temperatures. Analysing the dry, external, and internal cooling in the drilling of Ti-6Al-4V titanium alloy, Li and Shih [26] observed that external cooling, when compared to dry condition, provided a slight increase on the tool life because the centrifugal force hampered that the fluid to achieve the cutting zone.
[bookmark: __Fieldmark__3314_2768839][bookmark: __Fieldmark__3519_2768839]Shetty et al. [27], in the drilling of the Ti-6Al-4V titanium alloy, analysed the surface roughness, which was obtained the lower values employed the high level of cutting speed and feed rate. This improvement in the surface roughness can be explained because the increase of the cutting speed reduced the friction coefficient and the cutting temperature that can cause a softening of the workpiece. For high feed, although the maximum cutting speed was lower, the feed speed was higher than in the conventional feed, which reduced the cutting time, consequently, reducing the tool temperature. The high temperatures influence the tool life and the surface roughness [25].
[bookmark: _Hlk9875545]In addition, the increase of surface roughness, in conventional feed, when using the cutting fluid can be justified due to the external flow was in the opposite direction of the exit of the chips. Thus, the micro-chips accumulated in the hole damaged the machined surface during drilling. In the high feed, due to the highest dimension of the chips and lowest cutting time, the presence of micro-chips in the was reduced from the hole during the cut, avoiding that the cutting fluid tossed the micro-chips. 
[bookmark: _Hlk3391639]In Table 3, it is shown the S/N ratio for surface roughness profiles to both feed rates classes. The conventional feed showed a similar behaviour for all surface roughness profiles, being the cutting speed the main factor. In the high feed, the rank of factor varied for each surface roughness profiles. When comparing the conventional and high feed, for example, in the Ra and Rz surface roughness, the cooling was the main factor in the high feed, however, for the conventional feed, it was the smallest significant for the conventional feed.
The optimum conditions for conventional and high feed are shown in Table 4. For the conventional feed, the combination in dry condition of vc = 110 m/min and f = 0.15 mm/rev was the optimum condition for all responses. For the high feed, the optimum conditions were obtained with the wet condition. However, the feed rate varied between 1.00 and 1.50 and the cutting speed tended to converge to the high level, 70 m/min. Applying equal weight, the optimum condition was obtained employing a wet condition with vc = 70 m/min and f = 1.50 mm/rev.

[bookmark: _Ref514655317]Table 3 – The S/N ratios for surface roughness in the conventional and high feed (Smaller is better)
	
	
	Ra surface roughness
	Rt surface roughness
	Rz surface roughness

	
	Level
	vc
	f
	Cooling
	vc
	f
	Cooling
	vc
	f
	Cooling

	Conventional
	1
	-0.648
	2.516
	1.780
	-19.87
	-16.73
	-18.28
	-16.87
	-13.86
	-14.93

	
	2
	-1.428
	-1.428
	-0.755
	-20.33
	-20.33
	-18.82
	-17.47
	-17.47
	-16.37

	
	3
	2.643
	-0.521
	
	-16.35
	-19.49
	
	-13.52
	-16.53
	

	
	Delta
	4.072
	3.944
	2.535
	3.99
	3.61
	0.54
	3.95
	3.61
	1.44

	
	Rank
	1
	2
	3
	1
	2
	3
	1
	2
	3

	
	
	
	
	
	
	
	
	
	
	

	High
	1
	-2.052
	0.083
	-3.244
	-21.99
	-19.44
	-22.41
	-16.49
	-16.14
	-17.85

	
	2
	0.729
	-0.108
	2.189
	-19.61
	-21.44
	-18.46
	-15.51
	-14.81
	-14.26

	
	3
	2.791
	-2.779
	
	-16.58
	-22.39
	
	-15.27
	-17.04
	

	
	Delta
	4.843
	2.862
	5.432
	5.41
	2.94
	3.95
	1.22
	2.23
	3.60

	
	Rank
	2
	3
	1
	1
	3
	2
	3
	2
	1



[bookmark: _Ref509417488]Table 4 – Optimum conditions for conventional and high feed
	
	vc (m/min)
	f (mm/rev)
	Cooling
	Value

	Ra surface roughness (μm)

	Conventional
	110
	0.15
	Dry
	0.62

	High
	70
	1.50
	Wet
	0.43*

	Rt surface roughness (μm)

	Conventional
	110
	0.15
	Dry
	6.28

	High
	70
	1.00
	Wet
	5.88

	Rz surface roughness (μm)

	Conventional
	110
	0.15
	Dry
	4.13

	High
	70
	1.50
	Wet
	4.31*

	Diameter (mm)

	Conventional
	70
	0.15
	Dry
	5.44*

	High
	50
	1.00
	Dry
	5.56


* Estimated values 

[bookmark: __Fieldmark__4431_2768839][bookmark: __Fieldmark__4450_2768839]In Figure 7, it is shown the comparison between the optimal condition for the conventional and high feed. The best surface roughness and a reduction of cutting time, about 6 times, were the advantages obtained when employing the high feed. It is important to remind that the aeronautical sector requires a range of Ra between 0.8 to 1.6 μm [5], and the maximum values of Ra for the high feed in wet condition was 1.24 μm. However, the diameter shows higher dimension deviation in the high feed. Besides, the holes drilled applying the high feed presented larger burr. According to Chang and Bone [28], the exit burr in the drilling occurs when the energy in the shear is larger than the energy of plastic deformation. Thus, the strong increase in the feed rate increased the cutting forces that ultimately increased the burr formation.
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[bookmark: _Ref514861977]Figure 7 – Comparison between the optimum condition for conventional and high feed.

4. Conclusions
Comparing the results of conventional and high feed in the drilling in Al 2011 aluminium alloy, the following conclusions can be drawn:
· The high feed provided higher values of diameter than conventional feed, which can indicate higher drill flexion for the high feed.
· For the conventional feed, the use of cutting fluid, external flow, increased the values of surface roughness; while, for the high feed, the external fluid decreased the values of surface roughness.
· In general, the use of high feed in dry condition provided higher values of surface roughness than conventional feed. However, the combination of high feed and wet condition provided similar values of surface roughness than conventional feed.
Based on the comparison of optimal conditions for both feed rate classes, the high feed can be employed in a production line in which the diameter and burr height are non-critical. However, more studies should be carried out to evaluate the deburring, metallurgic alterations, as well as the drilling of high hardness materials. Besides, more comprehensive studies on the variation in the diameter are needed because the method used to measure the diameter did not allow differentiating the geometric and dimensional deviation. 
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